g g e e
EAS =
“ e

wren AT an | repe ey

L SR e e, R
) T TN e

mers e oy e

\'g

e d T T T,

T e

. . PRV P, RSSO e it g w08 b 8

NASA CR-187871

(NASA~CR-167971) HIGH STRAIN PROPERTIES OF N8I3~ 13180

ANGLE-PLY COZPOSITE LAMINATE, PART 3 Final

Keport, 11 Jul. 1977 - 11 Apr. 1981 (XIT '
Regearch Inst.) 383 p HC AY7/4F A01 Vuclas
CSCL 11D G3/24 02iGo

HEGH STRALN RATE PROPEATICS OF BHGLE-PLY
COMPOSITE LERINETES

19960318 010

Fisiad Report - Pavt (2]

i M. Donisd

Y Rawmarch instituto 3
Gitloags, IL 3518 g
{

RS TR

(VRN Pyojest Ko, HI0GIREG
NASA Gomirret MAE3-21016
o . November 16381

LBREEREAENT OF DEFTREE
WASHCS TEEUNITAL EVALULTICN CUWER
FeRADEOM, BOWEM, R 4, LOED

Nationa! Acronsutics end Spacs Administretion

Lewriz Hewmnreh Cosster
Cleveland, (4 €4135

¢
{

% b B il BT B Lot e Rt A i R TSI LI R B b i LB ¢ S D Tttt R s S T R B e




- THIS DOCUMENT IS BEST
'QUALITY AVAILABLE. THE
COPY FURNISHED TO DTIC
" CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO
NOT REPRODUCE LEGIBLY.



1. Report No. 2. Government Accasion No, 3. Recipwent’s Catslog No
NASA CR-167971
4. Yitle and Subutte 5. Report Date
I1GH STRAIN RATE PROPERTIES OF ANGLE-PLY COMPOSITE LAMINATES, November 1981
PART 111 ) 6. Portorming Organizstion Code
7. Authot(s) 8. Pwriorming Orpanizstion Report No
I. M, Daniel ; MO6026

10. Work Ut No,

9. Performing Organizetson MNeme and Acdrese
LIT Rescarch Institute

10 West 35 Street . A V1. Contract or Grant No.
Chicugo, IL 60616 NAS 3-21016

2

12, Sponsoring Agency Neme end Addres . Final Report, PART 111

13. Typa of Report end Perrod Covered

7/33/77 - 4/11/8}
National Aeronautics § Space Administration 14. Sponsorng Agancy Code
Washington, DC 20546

15, Gwpplementary ‘Notes  Project Manager: C. C. Chamis
NASA Levis Research Center
21000 Brookpark Road, M.S. 49-6
Cloveland, Ohio 44135

16 Abstract

Angle-ply graphite/epoxy and graphite/S-glass/epoxy laminates were characterized in

unfexial tensfon at strain rates ranging from quasi-static to ever 5005”‘. Laminate

ring specimens of [:15}25. [3_22.5}25.[130]25.[145]25. [gso]w [16?.5]25.

and 175] 2s Yayups were losded under internal pressure., Results were presented in the
form of stress:, ‘rain curves to failure. Properties determined included maduld,
Poisson's ratios, strength, and ultimate strain. In all seven laminates for the two
materials tested the modulus and strength increase with strain rate. The effoct of
strodn rate vardes with tayup, being lowest for the fiber dominated [gs]zs Jaminates
and highest for the matrix dominated ‘175]25 laminates, The highest increments over

the statfc values are 10 percent to 25 percent for the 115'12S tayup and 200 percent to
275 percent for the 175]25 Tayup. Ultimate strafns do not show any significant trends
with strain rate. In almost a1l cases the ultimate: stratn values are within 420 percent
of the mean value and in helf of the cases the deviations from the mean are less tt}an 10

~percenk,

17. Key-Words (Suggestad-ty Authorlst) 18 Ontribution Statement
Fiber composites, graphite, $-glass, hybrid,
experimental data, test methods, angle-ply

properties, dynamic stress-straln curves Unclassified, Unlimited
19, Security Clawif. (of th report) 20. Security Clatui? {of this page! 21. No. of Peyss 22, Pree’
Unclassified Unclassified : 381

* For sale by the National Techmeal Intormation Seivice, Sprnglield, Virgima 2216

NASA-C-168 (Rev 10-75)

e




FOREWORD

This is the Final Report on IIT Research Institute Project No. K06013
(formerly M06026), "High Stcrain Rate Propercies of Angle-Ply Composite
Laminates," prepared by IITRI for NASA-Lewis Research Center, under Contract
No. NAS3-21016. The work described in this report was conducted in the
period July 11, 1977 to April 11, 1981. ODr. C. C. Chamis was the NASA-lLewis
Project Manager, Dr, 1. M. Daniel formerly of IITRI was the Principal
Investigator.- Additional contributions to the work reported herein were
made by Messrs. W. G. Hamilton, G, M. Koller, T. Niiro, and S. W. Schramm
of I1ITRI, Dr. T. Liber of Travenol Laboratories, and Mr. R. H. LaBedz of
Broutman and Associates. '

Respectfully submitted,

11T RESEAR /;;¥EIITUTE

1. M, Daniel

Professor and Director
Experimental Stress

Analysis Laboratory

I11inofs Institute of Technology

APPROVED:

%@.M

John A, Granath, Director
Engineering Division




HIGH STRAIN RATE PROPERTIES OF ANGLE-PLY COMPOSITE LAMINATES

ABSTRACT

Ang]e-ply graphite/epoxy and‘graphite/S-glass/epoxy Taminates were
characterized in uniaxfal tension at strain rates ranging from quasi-static
to over 5005']. Laminate ring specimens of [:15]25, [122.5]25, [130]25.
[145}25, Lagglzy, [167.5]'2s and [:«75]2s layups were loaded under internal
pressure. Results were presented in the form of stress-strain curves to
faflure, Properties determined included modulj, Poisson'’s ratios, strength,
and ultimate strain. In all seven laminates for the two materials tested
© the modulus énd strength increase with strain rate. The effect of strain
rate varies with layup, being lowest for the fiber dominated [115]25 laminates
and highest for the matrix dominated [:75]2$ laminates. The highest increments
over the static values are 10% to 25% for the [115325 Tayup and 200% to 275%
for the [:75]2s Tayup. Ultimate strains do not show any significant trends
with strain rate, In almost all cases the ultimate strain values are within
+20% of the mean value and in half of the cases the deviations from the mean
are less than 10%,
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HIGH STRAIN RATE PROPERTIES OF ANGLE-PLY COMPOSITE LAMINATES

1. INTRODUCTION

In Part I of this report methods were described for testing and charac-
terization of composite materials at strain rates ranging from quasi-static
to over 5005']. Three unidirectional materials were characterized: SP288/7300
graphite/epoxy, SP288/AS grarhite/epoxy, and 80AS/20S/PR288 graphite/S-glass/
epoxy. '

It was found that the longitudinal modulus increases moderately with
strain rate by up to 20%, but the longitudinal strength and ultimate strair
did not vary much. Transverse modulus and stremgth increase sharply with
strain rate, reaching values up to three times the static value. The in-plane
shear hodulus and shear strength increase noticeably with strain rate by up
to approximately 65%, In all cases, it was found that ultimate strains did
not vary with strain rate in any significant manner,

In Part II of this report the same experimental methods were used to
characterize unidirectional off-axis Taminates in the same range of strain
rates. Rings of [22.58], [308], and [458] layups were tested. Two materials
were characterized: SP288/AS graphite/epaxy and B80AS/20S/PR288 graphite/
S-glass/epoxy. It was found that in all three laminates of both materials
the modulus and strength increase sharply with strain rate, reaching values
roughly 100%, 150%, and 200% higher than corresponding static values for the
[22.58], [308], and [458} Taminates, respectively. In the case of ultimate
strain no definite trends were established, but the maximum deviation from the
average was less than 18%,

The objective of the task descrived in this Part III of the report is to
characterize angle-ply composite laminates in uniaxial tension at three strain
rates, The same material systems were characterized as in the case of the
off-axis laminates, The three strain rates selected are quasi-static, inter-
mediate, and high rates ranging from 10-%7 to over 500s™'. A1l characteriza-
tion tests were conducted by testing thin rings 10,16 cm (4 in.) in diameter,
2.54 c¢cm (1 in.) wide, and 8-plies thick under internal pressure, Rings of
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[:15]25, [t22.5]25, [tSO]ZS. [i45]25, [t60§25:wff6??5§25.-iﬁi“%&iS]ZS Tayups
were tested. Three replications per test were used. The data were analyzed
according to procedures described in Part I of this report. Results were
presented in the form of stress-strain curves to failure. Properties determined
included initial, secant, and terminal strain rates; inftial, secant, and
terminal modulus and Poisson's ratio; and strengh and ultimate strain., The
effects of strain rate on the various properties are discussed below.
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2, QUASI-STATIC TENSILE PROPERTIES OF ANGLE-PLY LAMINATES

Quasi-static tensile properties of [te]ZS laminates were obtained by
testing rings instrumented with strain gages under internal pressure. Three
rihgs were tested for each of the two material systems, the SP288/AS graphite/
epoxy and the 80AS/20S/PR288 graphite/S-glass/epoxy, and for each of the
values of 6 = i5°, 22,5°, 30°, 45°, 60°, 67.5°, and 75°, Each ring was
instrumented with a 2~-gage rosette with elements in the axial and circumferen-
tial directions, ’

Stress-strain curves for all specimens tested are shown in Figures 2-]
through 2-41, Values for the modulus, Poisson's ratio, strength, and ultimate
strain computed from these curves are shown in these figures and surmarized
in Tables 2-1 and 2-2.- A1l but the [115]2S specimens show nonlinear strain
response to failure. Difficulties were encountered with the [i45]25 specimens
due to excessive deformation of the rings. These specimens deformed into a
conical shape and allowed the bladder to extrude through the opening between
the sides of the ring specimen and the steel plates in contact with them.

For these reasons only lower bounds are given in Tables 2-1 and 2-2 for the
strength and ultimate strain values of these specimens,

Tables 2-1 and 2-2 include also results for the modulus and Poisson's

..ratio calculated using measured unidirectional properties., The agreement

between experimental and predicted values is satisfactory. The calculated
properties were obtained by using a computer program called SQ5. This program
{s a point stress analysis of a laminate under in-plane Toads, moments, and
temperature effects. The formulation uses the usual lamination theory whereby
the laminate constitutive relations are derived from tho§e of each ply of the
laminate. ’

The modulus of the hybrid laminates is Tower than that of the graphite/

epoxy laminates for 0°<8<45°, but the relationship is reversed for 45°<6<90°,
The strength of the hybrid laminates is consistently lower than that of the

graphite/epoxy laminates for all layups. Poisson's ratios for the hybrid
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laminates are lower than those for the graphite/epoxy for 0°%e222.5°, but no
significant differences exist for 6>30°, The ultimate strain in tha hybrid
material is not significantly different from that of the graphite/epoxy for

0°¢p<30°, but it becomes smaller than that of the graphite/epoxy material
for ez45°,
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Figure 2-1, Strains in [:15]2$ SP288/AS ring specimen under
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3. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF ANGLE-PLY LAMINATES

3.1 [t]S]ZS LAMINATES

Intermediate rate tensile properties of [iIS]ZS SP288/AS graphite/epoxy
and BOAS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic 1nterna1bpressure. Three rings of each material wefe 1oaded
dynamically using 650 mg of slow burning pistol powder (red dot) in the
pressure chamberiof the fixture, The circumferential and axial strains in
the composite rings and the circumferential strain in the steel calibration
ring were recorded in every case,

Strain records for the three graphite/epoxy rings are shown in Figures 3-1,
3.2, and 3-3 (Specimen Nos, 35-7, 35-10, and 35-11), These data were analyzed
following the procedures described in Part I of this report (Section 3.3.2).
Results in the form of dynamic stress-strain curves are shown in Figures 3-4,
3.5, and 3-6. Results for the three rings tested are tabulated in Table 3-1,
The initial strain rates range between 95'] and 205"].'and the average (secant)
rates .between 365'] and 525'1. The times to failure range between 184 us and
213 us. The initial and secant moduli of 121 GPa (17,5 x 106 psi) and 123 GPa
(17.8 x 10° psi), respectively, are higher than the static modulus of 105 GPa
(15.2 x 106 psi) by 15% and 17%, respectively. The average initial and secant
Poisson's ratios of 0.80 and 0.81 are a little Tower than the static value of
0.86. The average dynamic strength of 1049 MPa (152 ksi) is much higher than
the static strength of 823 MPa (119 ksi). The increase in dynamic strength
is higher than the increase in dynamic modulus, The average dynamic ultimate
strain of 0.0086 is higher than the static value of 0.0078.

Strain records for the three hybrid rings are shown in Figqures 3-7, 3-8,
and 3-9 (Specimen Nos. 36-6, 36-10, and 36-11), The corresponding dynamic
stress-strain curves are shown in Figures 3-10, 3-11, and 3-12, Results are
tabulated in Table 3-2. The initial strain rates range between 16s™ and
185'], and the average (secant) rates between 415'1 and 455'1. The time to

failure ranges between 222 us and 270 ws. The initial and secant moduli of

34




TABLE 3-1, INTERMEDIATE STRAIN RATE TENSILE PROPERTIES
OF [ilS]ZS SP288/AS GRAPHITE/EPOXY

Speciﬁen Strain Rate Hodu\us‘(Ego). Poisson's
Number - (£ep), s~} Gra (10% psy) Ratio (Vex)

Initial Properties

35-7 20 124 (17.9) 0.73
35-10 20 124 (17.9) 0.80
35-11 9 115 (16.6) 0.88

Secant Properties

35-7 52 19 (17.3) 0.78
35-11 .36 120 (17.4) 0.84

Terminal Properties

35-7 134 135 (19.6) 0.52
35-10 - 80 175 (25.3) 0.68
35-11 88 131 (19.0) 0.80

U]timate'PrOpert1es

Time to Strength Strain

Failure k (Sge ?. (EU )

{te), us MPa {ks 06T
35-7 184 1129 (164) 0.0095
35-10 200 1107 (160) 0.0086
35-11 213 911 (132) 0.0076
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TABLE 3-2, [INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[115]25 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Ege), Poisson's
Number (Eag), s-? GPa (10°% ps1) Ratio (Vex)

Initial Properties

36-6 16 104 (15.0) 0.56
36-10 18 N2 (16.3) 0.50
36-11 16 . 97 (14,0) 0.25

Secant Properties

36-6 43 97 (14.1) 0.55
36-10 45 99 (14.3) 0.65
36-11 4 88 (12.7) 0.30

Terminal Properties

36-6 124 106 (15.3) 0.58
36-10 244 86 (12.5) 0.49
36-11 268 81 (11.8) 0.45

Ultimate Properties

- Time to %tren§th Strain
Failure S u

(te), us Mpgefks:i) (Eggr)

36«6 222 932 (13%) 0.0096

36-10 228 997 (145) 0.0101

36«11 270 973 (141) 0.0
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104 GPa (15.1 x 105 psi) and 95 GPa (13.7 x 106 psi), respectively, are

higher than and equal to, respectively, the initial static modulus of 95 GPa
(13.7 x 106 psi). The average inftial and secant Poisson's ratios of 0.44
and 0.50 are lower than the static value of 0,68, The average dynamic strength
of 968 MPa (140 ksf) is higher than the static strength of 806 MPa (11,7 ksi).
The average dynamic ultimate strain of 0.0103 is higher than the static value
of 0,0084,

3.2 [122.5]2s LAMINATES

Intermediate rate tensile properties of [tZZ.S}ZS SP288/AS graphite/
epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing
rings under dynamic internal pressure. Three rings of each material were
loaded dynamically using 650 mg pistol powder in the pressure chamber of the ..

fixture,

Strain records for the three graphite/epoxy rings tested are shown in
Figures 3-13, 3-14, and 3-15 (Specimen Nos. 33-10, 33-11, and 33-13). The
corresponding dynamic stress-strain curves are shown in Figures 3-16, 317,
and 3-18, Results are tabulated in Table 3-3. The in1tiél strain rates
range between 85 and 30s”) and the average (secant) between 40s™" and 48s7),
The times to failure range between 187 us and 221 us. The initial and secant
moduli of 78.4 GPa (11.4 x 10°% psi) and 84.0 GPa (12.2 x 10% psi), respec-
tively, are close to the static initial modulus of 81.4 GPa (11.8 x 106 psi).
The average dynamic strength of 770 MPa (112 ksi) is exactly equal to the
static strength. The dynamic ultimate strain of 0.0093 is Tower than the
static value of 0,0103,

Strain records for the three hybrid rings arve shown in Figures 3-19,
320, and 3-21 (Specimen Nos. 34-2, 34-10, and 34-11). The corresponding
dynamic stress-strain curves are shown in Figures 3-22, 3-23, and 3-24,
Results are tabulated in Table 3-4, The initial strain rates range between
95'1 and 315'} and the average (secant ) rates between 355~ and 57s°1. The
times to failure range between 181 ps and 275 us. The initial and secant
moduli of 75,7 GPa (11.0 x 106 psi) and 72.5 GPa (10.5 x 106 psi), respec=
tively, are a littie higher than the static initial modulus of 68.5 GPa
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TABLE 3-~3. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF

[1.7’.2.5]2S SP288/AS GRAPHITE/EPOXY

Specimen
Rumber

33-10
33-1
33-13

33-10
33-N
33-13

33-10
33-1
33-13

33-10
33-11
33-13

Strain Rate Modulus (Eege), Poisson's
(Eag), s~} GPa (10° ps1) Ratio (Vex)
Initial Properties
'8 64.9 (9.4) 1.25
13 69.7 (10,1) 1.30
30 100.7 (14.6) 1.07
Secant Properties
40 81.5 (11.8) 1.18
47 657.6 (9.8) 1.16
48 102.8 (14.9) 1.33
Terminal Poperties
112 56.6 (8.2) 1.28
195 40.0 (5.8) 1.06
104 106.3 (15.4) 1.37
Ultimate Properties
Time to %trength Strain
Failure SgeT) s (e )
G wetien (zgp7)
221 718 (104) 0.0088
215 674 (98) 0.0100
187 920 (133) 0.0090
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TABLE 3-4, INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[t22.5]zs 80AS/20S/PRZ288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus‘(Eee). Poisson's
Number (Eag), s~} GPa (10° psi) Ratio (Vex)
Initial Properties
38-2 9 71.1 (10.3) 1.33
34-10 3 82.8 (12.0) 1.00
34-11 n 73.3 (10.6) 0.99
Secant Properties _
34-2 50 73.6 (10.7) 0.83
34-10 57 77.0 (11.2) 1.16
34-11 35 66.2 {9.6) 1.08
Terminal Properties
34.2 160 62.1 (9.0) 1.17
34210 120 78.7 (11.4) 1.42
34-11 337 69.7 (10.1) 1.25
Ultimate Properties
Time to Strength Strain
Failure (559}), (¥ )
(te), us MPa [ksi) 08T
4.2 224 818 (118) 0.01M
34-10 181 800 (116) 0.0104
38-11 275 641 (93) 0.004;
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(9.9 x 108 psi). The average dynamic strength of 752 MPa (109 ksi) ic
higher than the static strength of 653 MPa (94.6 ksi). The dynamic strain
of 0.0104 is exactly equal to the static value,

3.3 [t30]2$ LAMINATES

Intermediate rate‘tensile properties of [t30]25 SP288/AS graphite/epoxy

~ and BOAS/20S/PR288 graphite/S-glass/epoxy were obtained by testing three rings

of each material under dynamic internal pressure. The pressure was produced
by detonating 650 mg pistol powder in the pressure chamber of the fixture,

Strain records for the three graphite/epoxy rings tested are shown in

Figures 3-25, 3-26, and 3-27 (Specimen Nos. 28-2, 28-12, and 28-13). The cor-

responding dynamic stress-strain curves are shown in Figures 3-28, 3-29, and

'3-30. Results are tabulated in Table 3-5. The initial strain rates range

between 10s™" and 175'], and the average (secant) rates between 895~ and 73577,
The times to failure range between 195 us and 237 us. The initial and secant
moduli of 48.4 GPa (7.02 x 106 psi) and 44,7 GPa (6.48 x 106 psi), respectively,
are noticeably lower than the static initial modulus of 58.6 GPa (8.50 x 106
psi). The average dynamic strength of 571 MPa (83 x 106 psi) is almost equs

to the static strength of 566 MPa (82 ksi). The dynamic ultimate strain of
0.0128 is almost equal to the static value of 0.0132.

Strain records for the three hybrid rings are shown in Figures 3-31,
3-32, and 3-33 (Specimen Nos. 54-2, 54-3, and 54-5). The corresponding
dynamic stress-strain curves are shown in Figures 3-34, 3-35, and 3-36,
Results are tabulated in Table 3-6., The jnitial strain rates range between
12577 and 225'1, and the average (secant) rates between 56s°) and 85s™. The
times to failure range between 179 ps and 224 us, The initial and secant moduli
of 43.5 GPa (6.31 x 106 psi) and 41.9 GPa (6.07 x 106 psi), respectively, are
a little lower than the static value of 44,9 GPa (6,51 x 106 psi}. The dynamic
initial and secant Poisson's ratios of 1.11 and 1.23 are lower than the static
value of 1.26. The average dynamic strength of 611 MPa (89 ksi) is higher than
the static strength of 503 MPa (73 ksi). The dynamic ultimate strain of 0.0144
is very close to the static value of 0.0139 as in the case mentioned before,
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TABLE 3-5. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[130]ZS SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate ModulusG(Eaa) , Poisson's
Number (Eag), s~* GPa (10° ps1) Ratio (Vex)

Initial Properties

28-2 17 43.8 (6.35) - 1.09
28-12 10 46.6 (6.75) 1.10
28-13 10 54.9 (7.95) ‘ 0.83

Secant Properties

28-2 73 - 41.1 (5.96) 1.04
28-12 49 42.0 (6.22) 1.27
28-13 53 50.1 (7.26) 1.19

" Terminal Properties

28-2 281 44,2 (6.40) 1.14
28-12 252 27.6 (4.00) 1.4
28-13 270 42.1 (6.10) 1.44

Ultimate Properties

Time to Strength Strain

Failure (Ses ?. (¥ )

{te)s ps MPa (ksi) : 80T
28-2 195 588 (85) 0.0143
28-12 237 504 (73) 0.0117
28-13 236 621 (90) 0.0124
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TABLE 3-6,

!

INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[130]ZS 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

200 814 (118)

Specimen Strain Rate Hodulusg(EeB). Poisson’s
Number (Eag), s} GPa (10° ps1) Ratio (Vex)
Initial Properties
54-2 17 40.0 (5.80) 1.1
54-3. 22 44 .9 (6.5C) 1.1
54-5 12 45.7 (6.63) 1.12
Secant Properties
54-2 56 38.9 (5.63) 1.16
54-3 76 38,9 (5.63) 1.39
54-5 85 47.9 (6.94) 1.14
Terminal Properties
54.2 251 30.4 (4.40) 1.36
54-3 229 34,6 (5.02) 1.53
54-5 397 60.0 (8.70) 1.40
Ultimate Properties
Time to Strength Strain
Failure (Sg (¥ )
{te), ws }ksi LA
54.2 224 430 (7)) 0.0126
54-3 - 179 528 (77) _0.0136
54-5 0.0170
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3.4 -[t45]2S LAMINATES

Intermediate strain rate tensile properties of [t45]2S SP288/AS graphite/
epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic internal pressure, Four rings of each material were loaded

‘dynah§ca11y using 650 mg pistol powder in the pressure chamber of the fixture,

Strain records for the four graphite/epoxy rings tested are shown in
Figures 3-37 through 3-40 (Specimen Nos. 24-11, 52-2, 52-3, and 52-4). The
corresponding dynamic stress-strain curves are shown in Figures 3-41 through
3-44. Results are tabulated in Table 3-7. The initial strain rates'range
between 10s™) and 17s™) and the average (secant ) rates between 665~ and
101s™7. The times to failure rang? between 300 ps and 348 ys. The initial
and secant moduli of 19.1 GPa (2.77 x 10° psi) and 17.6 GPa (2.55 x 10° psi),
respectively, are both lower than the static modulus of 20.4 GPa (2.95 x 106
psi). This difference may be due in part to the fact that three of the specimens
were taken from a different tube (No., 52) which was fabricated much later than
tube No. 24 from which the static specimens came., The meduli for Specimen
No. 24-11 are much closer to the static modulus, The average dynamic Poisson's
ratio of 0.85 is higher than the static value of 0,69. The average dynamic -
strength of 494 MPa (72 ksi) is much higher than the low bound of 224 MPa
(32.5 ksi) established by static testing. On the other hand, the dynamic
ultimate strain of 0.0279 is Tower than the lower bound established by static
testing. Again, the value of 0.0348 for Specimen No. 24-11 is more in line
with the static results.

Strain records for the four hybrid rings are shown in Figure 3-45 through
3-48 (Specimen Nos. 25-9, 53-1, 53-4, and 53-5), The corresponding dynamic
stress-strain curves are shown in Figures 3-49 through 3-52., Results are tab-
ulated in Table 3-8, The initial strain rates range between 757" and 305f'1
and the average (szcant) rates between 815'] and 1635'1. The times to failure
range between 177 ﬁs and 344 us. The initial modulus of 21.1 GPa (3.06 x 106
psi) is only slightly Tower than the static modulus of 21.5 GPa (3.12 x 106 psi).
The overall average Poisson's ratic of 0.71 is a 1ittle lower than the static
value of 0.74. Tne average dynamic strength of 371 MPa (54 ksi) is much higher
than the lower bound of 191 MPa (27.7 ksi) established by static testing. The
dynamic ultimate strain of 0.0270 is very close to the lower bound of 0,0265
established by static testing.




TABLE 3-7. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[t45]2S SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Ege), Poissan’s
Number  (€gp), s~} GPa_(10° ps1) - Ratio (Vex).

Initial Properties

24-11 10 20.0 (2.90) 0.83
52-2 15 17.3 (2.50) 0.95
52-3 12 20.3 (2.94) 0.89
52-4 17 18.8 (2.73) 0.92

Secant Properties _
24-11 101 19.8 (2.87) 0.94
52-2 96 15.7 (2.28) 0.65
52-3 66 16.0 (2.32) 0.77
52-4 75 18.8 (2.73) 0.84

Terminal Properties

24-M1 483 10.6 (1.53) 0.95
52-2 LYA 10.5 (1.52) 0.62
52-3 250 9.2 (1.33) 0.95
52-4 280 15.7 (2.27) 0.86

Ultimate Properties

Time to ' Strength Strain

Failure (SegT) » (Eu )

{te), us MPa (ksi) -178eT1
24-11 344 690 (100) 0.0348
52-2 325 490 (71) 0.0312
52-3 348 366 (53) 0.0228
52-4 300 428 (62) 0.0227




TABLE 3-8, INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[145]2s 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

| Specimen Strain Rate 'Modulus‘(Eae). Poisson's
Number (Egg), s~} Gpa (10° ps1) Ratio (Vax)

Initial Properties

25-9 13 15.4 (2.24) 0.91
53-1 7 24,7 (3.58) 0.87
53-4 | 17 17.8 (2.58) 0.76
53-5 30 26.4 (3.83) 0.56

Secant Properties

25-9 103 13.6 (1.98) -

53-1 163 14.8 (2.15) 0.60
53-4 96 12.2 (1.77) 0.53
53-5 -8 14.2 (2.06) 0.90

Terminal Properties

25-9 333 13.2 (1.92) -
53-1 427 8.6 (1.39) 0.53
53-4 395 10.4 (1,50) 0.54
53-5 395 11.6 (1.68) 0.95
 Ultimate Properties

Time to Strength Strain

Failure (Ssay). (9 )

{te), us MPa (ksi) 88T
25-9 344 483 (70) ~ 0.0354
53-1 n 414 (60) 0.0279
53-4 260 304 (44) 0.0249
53-5 244 283 (41) 0.0199
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3.5 [160]25 LAMINATES

Intermediate strain rate tensile properties of [:60]25 SP288/AS graphite/
epoxy and 80AS/205/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic internal pressure., Three rings of each material were loaded
dynamically using 650 mg pistol powder in the pressure chamber of the fixture.

Strain records for the three graphite/epoxy rings tested are shown in
Figures 3-53, 3-54, and 3-55 (Specimen Nos. 22-9, 22-10, and 22-11), The
corresponding dynamic stress-strain curves are shown in Figures 3-56, 3-57,
and 3-58, Results are tabulated in Table 3-9, The initial strain rates range
between 16;-] and 275'], and the average {secant) rates between Ms-1 and 845-].
The timeésto failure range between 196 us and 281 us. The initial and secant
moduli of 23.0 GPa (3.34 x 10% psi) and 13.9 GPa (2.01 x 10% psi), respectively,
are higher than the initial static modulus of 13.4 GPa (1.95 x 106 psi) by
71% and 3%, respectively, The average Poisson's ratio of 0.32 is identical to
the static value., The average dynamic strength of 182 MPa (26.4 ksi) is
appreciably higher than the static strength of 105 MPa (15.2 ksi), by approxi-
mately the same percentage (73%) as the initial modulus. The average dynamic
ultimate strain of 0,0134 is slightly higher than the static value of 0.0120,

Strain records for the three hybrid rings tested are shown in Figures 3-59,
3-60, and 3-61 (Specimen Nos. 23-7, 23-10, and 23-11), The corresponding
dynamic stress-strain curves are shown in Figures 3-62, 3-63, and 3-64. Results
are tabulated in Table 3-10. The initial stra’n rates range between 205-]
and 355-1, and the average (secant) rates between 515'] and 755-]. The times
to failure range between 155 us and 219 ys. The initial modulus of 24.7 GPa
(3.58 x 106 psi) is much higher than the static modulus of 15.2 GPa (2.20 x
106 psi). The average initial and secant Poisson's ratio of 0.31 is only
slightly higher than the static value of 0.29. The average dynamic strength
of 155.5 MPa (22.5 ksi) is much higher than the static strength of 94.8 MPa
(13.7 ksi). The increase in dynamic strength outpaces the increase in dynamic
modulus. The average dynamic ultimate strain of 0.0112 is higher than the
static value of 0.0087. ’




INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF

TABLE 3-9.
[16032S SP288/AS GRAPHITE/EPOXY
| Specimen Strain Rate Modulus‘(Eee), Poisson's
Number- (€gg), s~! GPa (10° ps1) Ratio (Veyx)
Initial Properties
22-9 27 22.5 (3.26) 0.15
22-10 23 23.6 (3.42) 0.28
©22-11 16 23.0 (3.33) 0.33
Secant Properties
22-9 - 44 15.0 (2.17) 0.47
22-10 84 12.5 (1.82) 0.31
22-1 52 14,1 (2.04) 0.38
Terminal Properties
22~9 138 9,3 {1.35) 0.43
22-10 205 8.5 (1.23) 0.34
22-11 156 18.5 (2.68) .35
Ultimate Properties
Time to %tren?th Strain
Failure . u
{te), ws Hf’%e{ksi) (Eggr)
22-9 196 129 (18.7) 0.0086
22-10 200 210 (30,5) 0.0168
22-11 281 207 (30.0) 0.0147
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TABLE 3-10. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[tGO]ZS B0AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen
Number

23-7
23-10
23-11 |

23-7
23-10
23-1

23-7
23-10
23-11

23-7
23-10
23-1

Strain Rate

. Modulus (Eae),
(Egp), s~ GPa (10° ps1)

Poisson's
Ratio (Vex)

Initial Properties

35 17.6 (2.55)
23 25.4 (3.67)
20 31.1 (4.51)

Secant Properties

75 15.7 (2.28)
51 12.7 (1.84)
51 13.2 (1.91)

Terminal Properties

163 12.9 (1.88)
153 9.0 (1.30)
180 7.8 (1.13)

Ultimate Properties

Time to Strength

Failure (Seo

{tdyps MPa }ks1
155 182.2 (26.4)
219 142.1 (20.6)
210 142.1 (20.6)

0.25
0.26
0.22

0.39
0.34
0.41

0.41
0.34
0.30

Strain
u
(Egpy!
0.0116

0.0112
0.0108

N --WM»&.‘@MQ‘&?Q




3.6 [i67.5]2$ LAMINATES

Intermediate strain rate tensile properties of [i67.5]2S SP288/AS graphite/
epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic internal pressure. Three rings of each material were loaded
dynamically using 650 mg pistol powder in the pressure chamber of the fixture,

Strain records for the three graphite/epoxy rings tested are shown in
Figures 3-65, 3-66, and 3-67 (Specimen Nos. 26-10, 26-11, and 26-13), The
corresponding dynamic stress-strain curves are shown in Figure 3-68, 3-69, and
3-70. Results are tabulated in Table 3-11. The initial strain rates range.
between 195'] and 3557 and the average (secant) rates between 5851 and 895'].
The times to failure vary between 123 us and 158 us, The initial and secant
moduli of 17.3 GPa (2.51 x 106 psi) and 12.8 GPa (1.86 x 106 psi), respectively,
are higher than the initial static modulus of 12.0 GPa (.74 x 10 psi). The
average initial and secant Poisson’s ratio is equal to the static value of
0.17. The average dynamic strength of 132.2 MPa (19.2 ksi) is higher than the
static strength of 85,1 MPa (12.3 ksi) by 56%. The average dynamic ultimate
strain of 0.0103 is higher than the static value of 0.0081,

Strain records for the three hybrid rings tested are showh in Figures 3-71,
3-72, and 3-73 (Specimen Nos. 27-10, 27-11, and 27-13), The corresponding
dynamic stress-strain curves are shown in Figures 3-74, 3-75, and 3-76. Results
are tabulated in Table 3-12, The initial strain rates range between 235"1 and
49s™" and the average (secant) rates between 565.'.| and 715", The times to
failure vary between 130 us and 151 us. The initial and secant moduli of
20.3 GPa (2.94 x 10°% psi) and 15.7 GPa (2.28 x 10°% psi), respectively, are
higher than the initial static modulus of 14.4 GPa (2.08 x 106 psi) by 41%
and 10%, respectively, The'average initial and secant Poisson's ratio of 0.14
is slightly lower than the static value of 0,16, The average dynamic strength
of 136.6 MPa (19.8 ksi) is much higher than the static strength of 76.1 MPa
(11.0 ksi) by a higher percentage than the dynamic modulus. The average dyramic

ultimate strain of 0,0087 is higher than the static value of 0.0062,




TABLE 3-11, INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[167.5]25 SP288/AS GRAPHITE/EPOXY

Specimen Stra1n Rate Modulus (Eag), Poisson's
Number (Eag), s- GPa (10° psi) Ratio (Vegx)

Initial Properties

26-10 23 15.0 (2.18) 0.21
26-11 35 13.3 (1.93) 0.14
26-13 19 23.6 (3.81) 0.11

Secant Properties

26-10 73 12.7 (1.85) 0.17
26-11 89 13.8 (2.00) 0.20
26-13 58 , 11.9 (1.73) 0.16

Terminal Properties

26-10 169 8.0 (1.16) 0.2
26-11 182 14.0 (2.04) 0.15
26-13 150 3.3 (0.48) 0.25

Ultimate Properties

Time to Strength Strain

Failure (s" )

Lgf), us MPa ¥ks1) 687
26-10 146 136.3 (19.8) 0.0107
26-11 123 ~150.1 (21.8) 0.0109
26-13 158 109.7 (15.9) 0.0092
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TABLE 3-12. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[167.5]25 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate  Modulus (Egs), Poisson’'s
Number (Eeg), s~? GPa_(10° ps1) Ratio (Vex)

Initial Properties

27-10 ' 24 16.8 (2.43) 0.09
27-1 49 20.7 (3.00) 0.13
27-13 ' 23 23.5 (3.40) - 0.16

Secant Properties

27-10 56 13.8 (1.99) 0.10
27-1 71 16.4 (2.38) 0.17
27-13 56 17.0 (2.47) ‘ 0.14

Terminal Properties

27-10 119 7.2 (1.05) 0.16
27-11 148 25.2 (3.66) 0.26
27-13 136 9.3 (1.35) 0.19

Ultimate Properties

Time to Strength Strain
Failure (Sea})._ (Y )
{te), ws MPa (ksi) . TeeT’
27-10 151 115.6 (16.8) 0.0084
27-11 130 151,71 (21.9) 0.0092
27-13 - 150 143.2 (20.8) 0.0084
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3.7 [175]ZS LAMINATES

Intermediate strain rate tensile properties of [t75]25 SP288/AS graphite/
epoxy and 80AS/205/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic internal pressure. Three rings of each material were loaded
dynamically using 650 mg pistol powder in the pressure chamber of the fixture.

Valid data were obtained only for one of the three graphite/epoxy rings
tested, Specimen MNo. 20-12, Strain records and the corresponding dynamic stress-.
strain curve for this specimen are shown in Figures 3-77 and 3-78, respectively,
Results are tabulated in Table 3-13., The initial and secant strain rates are
195~ and 455'1, respectively, and the time to failure is 261 us. The initial
modulus of 19.7 GPa (2.86 x 10° psi) is much higher than the static modulus
of 11.2 GPa (1.63 x 106 psi). The average Poisson's ratio of 0.06 is Tower
than the static value of 0.09, The dynamic strength of 98.3 MPa (14.2 ksi) is
higher than the static strength of 74.8 MPa (10.8 ksi) by 31%. vThe-dynamic
ultimate strain of 0.0090 is also higher than the static value of 0.0076 by
18%.

Strain records for the three hybrid rings tested are shown in Figures 3-78,
3-80, and 3-81 (Specimen Nos. 21-10, 21-11, and 21-12). Thke corresponding
dynamic stress-strain curves are shown in Figures 3-82, 3-83, and 3-84, Re-
sults are tabulated in Table 3-14., The initial strain rates range between
285-] and 375-] and the average (secant) rates between 625-] and 685-1. The
times to failure range between 107 us and 111 us. The initial modulus of
16.9 GPa (2.45 x 106 psi) is a little higher than the static modulus of 15.5 GPa
(2.25 x 10 psi). The overall average Poisson's ratio of 0.08 is slightly
lower than the static value of 0.13. The average dynamic strength of 94,9 MPa
(13.8 ksi) is higher than the static strength of 61,4 MPa (8.9 ksi) by 55%.

The dynamic ultimate strain of 0,0070 is also higher than the static value of
0.0047 by 49%.
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TABLE 3-13., INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[175]2’ SP288/AS GRAPHITE/EPUXY

Specimen Strain Rate Hodu]uss(igs). Paisson's
Number- (€ag), s~ GPa (1C° psr) Ratio (Vax)

Initial Properties
20-12 19 19.7 (2.86) -

Secant Properties

20-12 45 10.9 (1.58) 0.04

Terminal Properties

20-12 132 6.0 (0.87) 0.08

Ultimate Properties

Time to Strength Strain

Failure Y (Eu )

{te), ps MP ksi) : gar
20-12 201 92,2 (14,2) 0.0030
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TABLE 3-14,

L T RO

INTCRMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[175]2S 80AS/205/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Egp), Poisson's
Number {fpa), s~° GPa (10% psi1) Ratio (Vex)
Initial Properties
21-10 36 15.4 (2.22) -
21-1 28 16.9 (2.45) -
21-12 37 18.5 (2.68) -
Secant Properties
21-10 68 13.4 (1,.94) 0.04
21-12 62 18.5 (2.68) 0.05
Terminal Properties
21-10 128 11.5 (1.66) 0.07
21-11 108 7.7 (1.11) 0.1
2112 113 15.9 (2.30) 0.14
Ultimate Properties
Time to | %tren?th Strain -
Fatlure . U
(te)y ps Mgge ks (2go7)
21-10 m o 101.8 (14.8) 0.0076
21-11 107 55,2 (8.0) 0.0066
21-12 mm 127.7 (18.5) 0.0069
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4. HIGH STRAIN RATE TENSILE PRCPERTIES OF ANGLE-PLY LAMINATES

4.1 [t]S]ZS LAMINATES

_ High strain rate tensile properties of [tIS]ZS SP288/AS graphite/epoxy
and 80AS/205/PR288 graphite/S-glass/epoxy were obtained by testing rings under
dynamic internal pressure. Three rings of each material were loaded dynamically
using 100 mg PETN detonators in the pressure chamber of the fixture. The
circumferential and axial strains in the composite ring and the circumferential
strain in the calibration steel ring were recorded in every case.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-1 through 4-9 (Specimen Nos. 35-2, 35-4, and
35-6). These data were analyzed fullowing procedures described in Part I of
this report. Oynamic stress-strain curves obiained by the digftal processing
oscilloscope are shown in Figures 4-10, 4-11, and 4-12. Results for the three
rings tested are tabulated in Table 4-1. The inftial strain rates range be-
tween 1305'] and 2505'] and the average (secant) rates between 1755'] and 2545'].
The times to failure range between 35 us and 44 pus. The initial and secant
moduli of 113.2 GPa (16.4 x 10% psi) and 117.8 ¢Pa (17.1 x 10% psi), res-
pectively, are higher than the static modulus of 104.5 GPA (15.2 x 10° pst)
by 8% and 12%, respectively. The overall average Poisson's ratio of 0.80 is
lower than the static value of 0.86. The average dynamic strength of 1029 MPa
(149 ksi) is higher than the static strength of 823 MPa (119.3 ksi) by 25%.

The increase in dynamic strength is higher than the increase in dynamic modulus.
The average dynamic ultimate strain of 0.0088 is higher than the static value
of 0.0078. This trend in properties is related to some change in failure modes
from those under quasi-static to those under dynamic lozding conditions. Quasi-
static failure modes include pronounced interlaminar shear failures.. Under
dynamic conditions, with the higher rate-dependent, matrix-dominated inter-
laminar shear properties, there is more brittle-like behavior with failures
dominated primarily by fiber fractures.
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TABLE 4-1. HIGH STRAIN RATE TENSILE PROPERTIES OF [215]25
SPz38/AS GRAPHITE/EPOXY

Specimen strain Rete - Modulus (Egp)» Poisson's

Number - (€pp), s~=* GPa (10° ps1) Ratio {Vex)

Initial Properties

35-2 250 104.9 (15.2) 0.63
35-4 190 116.6 (16.9) 0.92
35-6 130 118.0 (17.1) 0.73

Secant Properties

35-2 243 110.4 (16.0) 0.61
35-4 254 109.0 (15.8) 0.89
15-6 175 133.9 (19.4) 1.02

Terminal Rroperties

35-2 270 117.3 (17.0) 0.71
35-4 300 104.2 (15.1) -

35-6 250 113.9 {16.5) -

yYltinate Properties

Time to Strength Strain

Failure (Sep1) s (% )

{te)y ps MPa hsi) 887
35-2 40 1080 (1595) 0.0097
35-4 35 973 (141) 0.0089
35-6 44 1035 (150) 0.0077

4.2




Strain and strain derivative records for the three hybrid rings are
shown in Figures 4-13 through 4-21 (Specimen Nos. 36-2, 36-4, and 36-7).
Dynamic stress-strain curves are shown in Figures 4-22, 4-23, and 4-24. Re-
sults for the three rings tested are tabulated in Table 4-2. The inftial
strain rates range between 125571 and 1505'] and the average {secant) rates
between 1735'1 and 2105‘]. The times to failure range between 40 us and
45 ps. The initial and secant moduli of 133.2 GPa (19.3 x 106 psi) and
101.2 GPa (14.7 x 106 psi), respectively, are higher than the static modulus
of 94.5 GPa (13.7 x 106 psi) by 41% and 7%, respectively. The average
Poisson's ratio of 0.90 is higher than the static value of 0.68. The dynamic
strength of 837 MPa (121 ksi) is only slightly higher than the static one of
806 MPa (117 ksi). Thts trend is contrary to the one observed in the graphite/
epoxy specimens. The dynamic ultimate strain of 0.0083 is approximately equa)
to the static value of 0.0084.

4.2 [t22.‘5]2S LAMINATES

High strain rate tensile properties of [t22.5]2S SP288/AS graphite/epoxy
and BOAS/205/PR288 graphite/S-glass/epoxy were obtained by testing rings
under dynamic internal pressure. Three rings of each material were loaded
dynamically using 100 mg PETN detonators in the pressure chamber of the fix-
ture. In one case, the pressure on the steel ring was alsc measured with a
Manganin alloy gage.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown fn Figures 4-25 through 4-33 (Specimen Nos. 33-4, 33-6, and
33-7). Dynamic stress-strain curves are shown in Figures 4-34, 4-35, and
4-36. Results are tabulated in Table 4-3. The inftial strain rates range
between 1305'] and 1505" and the average (secant) rates between 1845'1 and
2115'1. The times to failure range between 38 us and 46 ys. The initial and
secant moduli of 131.7 GPa {19.1 x 106 psi) and 93.4 GPa (13.5 x 106 psi),
respectively, are higher than the static modulus of 81.4 GPa (11.8 xv106 psi)
by 62% and 15%, respectively. The average dynamic secant Poisson's ratio of
1.22 is slightly higher than the static one of 1.18. The average dynamic
strength of 790 MPa (115 ks.) is only slightly higher than the static one of
773 MPa (112 ksi). However, the dynamic ultimate strain of 0.0084 is appre-
ciably lower than the static value of 0.0103.
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"TABLE 4-2. HIGH STRAIN RATE TENSILE PROPERTIES OF [+]5]
80AS/20$/PR288 GRAPHITE/S-GLASS/EPOXY
Specimen Strain Rate Modulus (Egp), Poisson's
Number (Epp), s= GPa (10° ps1) Ratio {Vveyx)
Initial Properties
36-2 150 131,71 (19.0) 0.97
36-4 145 122.1 (17.7) 0.62
36-7 124 146.3 (21.2) 1.06
Cecant Properties
36-2 198 98.0 (14.2) 1.06
36-4 210 111.8 (16.2) 0.85
36-7 173 93.8 (13.6) 0.85
Terminal Properties
36-2 225 63.5 (9.2) 1.24
36-4 290 58.0 (8.4) -
36-7 220 28.2 (4.1) 0.93
Ultimate Properties
Time to Strength Stra .
36-2 44 849 (123) 0.0087
36-4 40 932 (135) 0.0084
36-7 45 731 (106) 0.0078
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TABLE 4-3.

HIGH STRAIN RATE TENSILE PROPERTIES OF [t?Z.S]ZS

SP288/AS GRAPHITE/EPOXY
Specimen Strain Rate Modulus (Egg), Pofsson's
Number (€ag), s} GPa (10° psy) Ratio (Vgx)
Initial Properties
33-4 135° 131.1 (19.0) 1.66
33-6 150 140.2 (20.3) 1.50
33-7 130 123.9 (18.0) 1.54
Secant Properties
33-4 196 89.5 (13.0) 1.33
33-6 184 95.9 (13.9) 1.19
33-7 2N 94.9 (13.7) 1.13
Terminal Properties
33-4 280 45.7 (6.6) 1.26
33-6 190 55.5 (8.1) 1.70
33-7 390 85.9 (12.4) 1.10
Ultimate Properties
Time to Strength Strain
Fatlure {Seg1)> u
(t)yps  MPaTkst) (Eqgy)
34 6 806 (117) 0.0090
33-6 38 673 (98) 0.0070
33-7 44 890 (129) 0.0093
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Strain and strain derivative records for the three hybrid rings are shown
in Figures 4-37 through 4-45 (Specimen Nos. 34-4, 34-6, and 34-7); Dynamic
stress-strain curves are shown in Figures 4-46, 4-47, and 4-48B. Results are
tabulated in Table 4-4. The initial strain rates range between 1305’] and
140s™" and the average (secunt) rates between 1985”7 and 246s'. The times
to failure range between 45 us and 46 ys. The initial and secant moduli of
126.1 GPa (18.3 x 10°% psi) and 76.5 cPa (11.1 x 16° psi), respectively, are
higher than the static modulus of 68.5 GPa (9.9 x 106 psi) by 84% and 12%,
respectively. The average dynamic Poisson's ratio of 0.97 is higher than the
static one of 0.83. The average dynanic strength of 731 MPa (106 ksi) is
higher than the static strength of 653 MPa (95 ksi) by 12%. The dynamic wi~
timate strain of 0.0095 is somewhat lower than the static value of 0.0104,

4.3 [$30]zs LAMINATES

High strain rate tensile properties of [130]2S SP288/AS graphite/epoxy
and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by tasting rings under
dynamic internal pressure. Initially, 100 mg PETN detonat -s were used in
the pressure chamber of the fixture. The pressure pulse produced by this
loading, as seen from the strain response of the steel ring, reaches its peak
in approximately 40 ys. The time to failure, however, is somewhat longer
than that, which makes the analysis of the data very difficult. It was decided
to modify the explosive detonation to produce a lor.ger, but sufficiently
intense, pressure pulse. The originally used black powder, or bullseye
powder, was sufficiently slow-burning to produce a long pulse, but the in-
tensity of this pulse was too low and resulted in relatively low strain rates.
To boost the explosive energy of the normally fuel-rich bullseye powder
potassium perchlorate (KC204) and aluminum powder were mixed in. A1l subse-
quent tests were conducted using 520 mg of each component above in the pressure
chamber. The resultiﬁg pressure pulse was longer than the time to failure of
the [:30]2S specimens and only slightly shorter than that for the [345]2S
specimens.

One difficulty encountered in the past was in pinpointing the exact time
of failure of the composite specimens. If initial failure does not happen to
occur exactly at a gage location, the strain readings at the unfailcd locations

4-6
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TABLE 4-4. HIGH STRAIN RATE TENSILE PROPERTIES OF [ 22. 5] 26 -
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Pate Hodu’tuss(Eee), Poisson's
Number ‘€ag), S~ GPa (10 ps1) Ratio (Vex)

Initial Prqperties

34-4 ' 130 134.6 (19.5) 1.15
34-6 140 100.1 (14.5) 0.93
34.7 130 143.7 (20.8) 0.85

Secant Properties

34-4 198 73.6 (10.7) 1.06
34-6 246 79.2 (11.5) 0.87
34-7 208 76.6 (11.1) 0.99

Terminal Properties

34-4 300 26.9 (3.9) 1.16
34-6 308 50.0 (7.2) 0.84
34-7 280 29.3 (4.3) 1.07

Ultimate Prcperties

Time to Strength Strain

Failure (Se ), (¥ )

iﬁflJ_JEi Pa ksi) 667
34-4 45 656 (95) 0.0089
34-6 46 819 (119) 0.0103
34-7 45 716 (108) 0.0094 -

4-7




continue to increase for some time after initial failure. To overcome this
uncertainty a conductive ribbon was bonded around the entire circumference of
the ring and connected to one of the tabs of one strain gage. The ribbon is
a Micromeasurements Ni-clad copper ribbon of 0.025 mm x 0.397 mm (0.001 in. x
1/64 in.) cross section. This ribbon is first pbonded on a strip of 104 type
glass scrimcloth with Epon 815/V40 adhesive. After curing, the ribbon with
the scrimcloth strip is bonded on the composite rir3 with Micromeasurements
PE10 adhesive and connected in series with one of the leads of a circumferen-
tial strain gage. When the specimen fails at any point around the circum-
ference the ribbon breaks and strain readings from the gage connected to the
ribbon are interrupted.

ARG ‘é'ﬁ??émfﬁ?‘“ R R IR R S SRt U T .k

Tests on the [tBO)ZS laminates were repeated using a 1560 mg mixture of
equal amounts of bullseye pistol powder, potassium perchlorate (KC£O4), and
aluminum dust. Strain and strain derivative records for the three grapaite/
epoxy rings tested are shown in Figures 4-49 through 4-55 (Specimen Nos. 28-9,
28-10, and 28-11). Stress-strain curves are shown in Figures 4-56, 4-57, and
4-58. Results are tabulated in Table 4-5. The initial strain rates range
between 2005-] and 2305'1 and the average (secant) rates between 2855'] and
320s"!.  The times to failure range between 44 us and 45 ps. The initial and
secant moduli of 85.7 GPa (12.4 x 10° psi) and 49.8 cpa (7.2 x 10° psi), res-
pectively, are higher and lower than the static modulus of 58.6 GPa (8.5 x
106 psi) by 46% and 15%, respectively. The average dynamic Poissons's ratio
of 1.21 is only slightly lower than the static one of 1.25. The average
dynamic strength of 660 MPa (96 ksi) is higher than the static one of 566 MPa
(82 ksi) by 17%. The dynamic ultimate strain of 0.0133 is almost equal to
the static value of 0.0132.

Strain and strain derivative records for the three hybrid rings are shown
in Figures 4-59 through 4-64 (Specimen Nos. 29-10, 29-11, and 29-12). Stress-
strain curves are shown in Figures 4-65, 4-66, and 4-67. Results are tabulated
in Table 4-6. The inftial strain rates range between 190s”) and 230s”" and
the average (secant) rates between 3005'] and 3405‘]. The times to failure
range between 40 ps and 43 ps. The initial and secant moduli of 93.5 GPa
(13.6 x 106 psi) and 51.5 GPa (7.5 x 106 psi), respectively, are higher than

the static modulus of 44.9 GPa (6.51 «x 108 psi) by 108% and 15%, respectively.
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TABLE 4-5. HIGH STRAIN RATE TENSILE PROPERTIES OF [130]2S
SP288/AS GRAPHITE/EPOXY
Specimen Strain Rate todulus (Egp), Poisson's
Number (Epg), s~} 6Pa (10° ps1) Ratio (Vey)
Initial Properties
28-9 230 84.0 (12.2) -
28-10 ,230 82.8 (12.0) 1.09
28-11 200 90.2 (13.1) 1.35
Secant Properties
28-9 320 46.8 (6.8) -
28-10 285 49.1 (7.1) 1.19
28-11 286 53.5 (7.8) 1.21
Terminal Properties
28-9 465 41,0 (5.9) -
- 28-10 400 27.3 (4.0) 1.25
28-11 420 37.3 (5.4) 1.07
Ultimate Properties
Time to Strength Strain
Failure (Seg«E),' (¥ )
{te), ys MPa (ksi). 86T
28-9 44 664 (96) 0.0142
28-10 45 626 (91) 0.0128
28-11 45 690 (100) 0.0129

4-9
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"TABLE 4-6. HIGH STRAIN RATE TENSILE PROPERTIES OF [+30]
B0AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate  Modulus (Eae), Poisson's
Number (Eag), st GPa (10° ps1) = Ratio (Vex)

Initial Properties

29-10 200 100.6 (14.6) 1.08
29-11 190 95.9 (13.9) 1.18
29-12" 230 84.0 (12.2) 1.09

Secant Properties

29-10 300 59.8 (8.7) 1.13
29-1 340 48.1 (7.0) 1.00
29-12 333 6.6 (6.8) 1.05

Terminal Properties

29-10 400 48.8 (7.1) 1.79
29-11 440 41.1 (6.0) 1.48
29-12 480 39.2 (5.7) 1.25

Ultimate Properties

Time to Strength Strain
ﬁ:‘ﬁi rgggeh)zéf ) (ego1)
29-10 40 659 (101) 0.0116
29-1 43 707 (102) 0.0147
29-12 43 666 (97) 0.0143




The average dynamic Poisson's ratio of 1.09 is lower than the static one of
1.26. The average dynamic strengtl of 690 MPa (100 ksi) is much higher than
the static one of 503 MPa (73 ksi) by 37%. The dynamic ultimate strain of
0.0135 is only slightly lower than the static value of 0.0139.

Cdmparison of the results for the graphite/epoxy and hybrid [:30]Zs
specimens (Tables 4-5 and 4-6) shows that the hybrid specimens have higher
dynamic moduli and strength than the graphite/epoxy ones. This is contrary
to the trend in static values. This phenomenon, for which no ready explana-
ticn is available, was not noticed in the [122.5]25 specimens.

4.4 [i45]2S LAMINATES

~ High strain rate tensile properties of [145]2S SP288/AS graphite/epoxy
and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings under
dynamic internal pressure using a 1.56 g mixture of pistol powder, KC£04, and
aluminum dust in the pressure chamber of the fixture.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-68 through 4-76 (Specimen Nos. 24-11, 24-12, and
24-13). The corresponding stress-strain curves are shown in Figures 4-77,
4-78, and 4-79. These curves were extrapolated up to the maximum strain
measured in the composite ring (ultimate strain). PResults are tabulated in
Table 4-7. The initial strain rates range between 1405'1 and 2005'1 and the
average (secant) rates between 220s™1 and 4405”1, The times to failure range
between 68 us and 91 us. The initial and secant moduli of 111.4 GPa (16.15 «x
108 psi) and 40.3 GPa {5.83 x 10% psi), respectively, are much higher than the
static modulus of 20.4 GPa (2.95 x 10° psi). The secant modulus above was
based on the extrapolated stress-strain curve. The average initial Poisson's
ratio of 0.78 is also higher than the static value of 0.69. The average dy-
namic strongth obtained approximately by extrapolation of the stress-strain
curve is 927 MPa (134 ksi) which is much higher than the static strength of
224 MPa (32.5 ksi). The average dynamic ultimate str-i~ o7 0.0245 is lower
than the static value of 0.0305.

Strain and strain'derivative records for the three kybric rings tested
are shown in Figures 4-80 through 4-88 (Specimen Nos. 2:-11, 25-12, and 25-13}.
The corresponding siress-strain curves are shown in Figures 4-89, 4-50, and
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TABLE 4-7. HIGH STRAIN RATE TENSILE PROPERTIES OF [145]2S
SP288/AS GRAPHITE/EPOXY
Specimen Strain Rate Modulus (Ege), Poisscn's
Number {Eag), s~} GPa (10° ps1) Ratio (Vgy)
Initial Properties
24-11° 200 58.3 114.25) 0.95
24.12 140 111.8 (16.20) 0.68
24-13 165 124.2 (18.00) 0.72
Secant Properties
24-1 440 23.8 (3.45) 0.90
24-12 330 44 .5 (6.45) 0.89
24-13 220 52.4 (7.60) 0.66
Yerminal Properties
24-1 550 8.6 (1.25) 0.9
24-12 435 26.9 (3.90) 0.99
24-13 260 25.9 (3.75) 0.75
Ultimate Properties
Time to Strength Strain
Failure (‘See ), (el )
(o), ws iPa- (ksi) (Eoo7)
24-11 >70 728 (107) 0.0310
24-12 68 1000 (145) 0.0225
24-13 91 1042 (151) 0.02C0




4-91, Results are tabulated in Table 4-8. The initial strain rates range
between 250s™) and 300s”! and the average (secant) rates between 550s" and
5605'1. The times to failure range between 52 us and 70 ys.

The initial dynamic modulus of 50.8 GPa (7.37 x_loﬁ‘ps1) is much higher
than the static modulus of 21.5 GPa (3.12 x 106 psi). The average Poisson's
ratio (initial and secant) of 0.76 is slightly higher than the static value
of 0.74. The average dynamic strength of 711 MPa (103 ksi) is much higher
than the static strength of 191 MPa (28 ksi). The average dynamic ultimate
strain, based on the larger recorded values in each specimen, of 0,0353 {s
also higher than the highest static value recorded (0.0265). It should be
noted that the static value for strength and ultimate strain a-e lower bounds
since the specimens could not be tested to ultimate failure.

4.5 [tGO]ZS LAMINATES

High strzin rate tensile properties of [160]2S SP288/AS graphite/epoxy
and BOAS/20S/PR288 graphite/S-giass/epoxy were obtained in a similar manner
as before.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-92 through 4-100 (Specimen Nos. 22-6, 22-7, and
22-8); The corresponding'stress-strain curves are shown in Figures 4-10%,
4-102, and 4-103, Results are tabulated fn Table 4-9. The initial strain
rates range between 2205 and 2805”1 and the average (secant) rates between
307s™) and 398s"'. The times to failure range between 41 us and 44 us. The
{nitial and secant moduli of 45.5 GPa (6.59 x 10° psi) and 34.6 GPa (5.02 x
106 pst), respectively, are much higher than the static modulus of 13.4 GPa
(1.95 x 106 psi). The average secant Poisson's ratioc of 0.34 {s only slightly
higher than the static value of 0.32. The average dynamic strength of 511 MPa
(74 ksi) 1s much higher than the static strength of 105 MPa (15.2 ksi). The
average dynamic ultimate strain of 0.0145 is higher than the static value of

- 0.0120.

Strain and strain derivative records for the three hybrid rings are shown
fn Figures 4-104 through 4-112 (Specimen Nos. 23-2, 23-4, and 23-6)., The
corresponding stress-strain curves are shown in Figures 4-113, 4-114, and
 4-115, Results are tabulated in Table 4-10. The initial strain rates range

C - 3 413
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TABLE 4-8, HIGH STRAIN RATE TENSILE PROPERTIES OF [145]25
B0AS/205/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Egp), Poisson's

Number jégg), s-! gra (10% ps1) Ratio (Vex)

Initial Properties

25-11; 280 43.1 (6.25) 0.85
25-12 300 59.3 (8.60) 0.73
25-13 250 50.0 (7.25) 0.69

Secant Properties

25-11 555 19.1 (2.77) 0.96
25-12 560 22.9 (3.32) 0.56
25-13 550 19.0 (2.75) 0.80

Terminal Properties

25-11 1000 4.1 (0.60) 0.59
25-12 800 6.6 (0.95)  0.63
25-13 760 3.7 (0.53) 0.59

Ultimate Properties

Time to ?tren?th . Strain

Failure u

Goess ey (egar)
25-11 70 745 (108) 0.0390
25-12 52 662 (96) 0.0290 -
25-13 69 725 (105) 0.0380
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TABLE 4-9, HIGH STRAIN RATE TENSILE PROPERTIES OF [160]
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus‘(Eee), Pofsson's
Number (€pg), ™ GPa (10° psy) Ratio (Vayx)

“Initial Properties

22-6 280 46.1 (6.68) 0.50
22-7 220 43,1 (6.25) 0.45
22-8 250 47.3 (6.85) 0.50
Secant Properties
22-6 398 37.8 (5.47) 0.32
22-7 307 27.3 (3.96) 0.33
22-8 320 38.8 (5.62) 0.36
Terminal Properties
22-6 640 28,6 (4.15) 0.34
22-7 520 17.3 (2.58) 0.35
22-8 480 31.2 (4.52) 0.34
Ultimate Properties
';;Tfu:g ' Stren?th St;ain
(te)sus et (g1
22-6 4) 621 (90) 0.0163
22-7 44 367 (53) . 0.0135
22-8 43 543 (79) 0.0138
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TABLE 4-10.

HIGH STRAIN RATE TENSILE PROPERTIES OF [160]
B0AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen
Number

23-2
23-4
23-6

23-2
23-4
23-6

23-2
23-4
23-6

23-2
23-4
23-6

Strain Rate Modulus (Eea), Poicson's
(£ap), s~ GPa (10° ps1) Ratio (Vex)
Initial Properties
140 45.2 (6.55) 0.32
270 56.4 (8.17) 0.39
250 42.4 (6.15) 0.30
Secant Properties
200 52.9 (7.67) 0.31
288 47.4 (6.87) 0.32
352 41.7 (6.05) 0.24
Terminal Properties |
330 55.5 (8.05) 0.27
390 34.0 (4.93) 0.28
600 38.0 (5.50) 0.16
Ultimate Properties
Time to Stren?th Strain
Bl Gy
51 535 (78) 0.0102
40 545 (79) 0.0115
42 618 (89) 0.0148
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. between 140s™' and 270s” ' and the average (secant) rates between 200s™ ' and
3525'1. The times to failure range between 40 us and 51 us. The inftial and
secant modulf of 48.0 GPa (6.96 x 10% psi) and 47.4 gPa (6.86 x 10° psi),
respectively, are much higher than the static modulus of 15.2 GPa (2.20 x

106 psi). The average secant Poisson's ratio of 0.29 {s exactly equal to the
static value. The average dynamic strength of 566 MPa (82 ksi) {1s much higher
than the static strength of 94.8 MPa (13.7 ksi). The average dynamic ultimate

strain of 0.0122 is appreciably higher than the static value of 0.0087.

Comparison of the results above with those for the similarly oriented
graphite/epoxy specimens shows that the hybrid specimens have higher dynamic
moduli and strength than the graphite/epoxy specimens This 1s contrary to the
trend {4 static strength values.

4.6 [£67.5),, LAMINATES

High strain rate tensile properties of [.‘c67.5]2S SP288/AS graphite/epoxy
and 80AS/205/PR288 graphite/S-glass/epoxy were obtained as for the other lsminates
before.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-116 through 4-124 (Specimen Nos. 26-2, 26-4, and
26-6). The corresponding stress-strain curves are shown in Figures 4-125,
4-126, and 4-127. Results are tabulated in Table 4-11., The initial strain
rates range between 2009'] and 2905'] and the average (secant) rates between
23057 ard 310s”'. The times to failure range between 30 ps and 44 us. The
inftial and secant moduli of 48.8 GPa (7.07 x 10° psi) and 36.2 GPa (5.24 x
10 psi), respectively, are much higher than the static modulus of 12.0 GPa
(1.74 x 10% psi). The average Poisson's ratio of 0.19 is only slightly higher
than the static value of 0.17. The average dynamic strength of 339 MPa (49 ksi)
is much higher than the static strength of 85.1 MPa (12.3 ksi). The average
dynamic ultimate strain of 0.0096 is somewhat higher than the statfc value of
0.0081,

Strain and strain derivative records for the three hybrid rings tested
are shown in Figures 4-128 through 4-136 (Specimen Nos. 27-2, 27-4, and 27-6).
The corresponding stress-strain curves are shown in Figures 4-137, 3-138, and
4-139. Results are tabulated in Table 4-12. The {initial strain rates range

4-17
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TABLE 4-11. HIGH STRAIN RATE TENSILE PROPERTIES OF [:t67.5]25
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Egp), Poisson's

Number (Epg), s° GPa (10 ps1) Ratio (Vex)
Initial Properties

26-2 290 52.2 (7.56) 0.18
26-4 240 50.9 (7.37) 0.20
26-6 200 43.3 (6.28) 0.13

Secant Properties

26-2 310 36.4 (5.27) 0.19
26-4 270 43.6 (6.32) 0.18
26-6 230 28.5 (4.12) 0.19

Terminal Properties

26-2 350 22.4 (3.25) 0.13
26-4 320 22.9 (3.31) 0.1
26-6 370 23.4 (3.39) 0.37

Ultimate Properties

Time to Strength Strain

Failure {Ses ?. (el )

(te), ys MPa (ks 067
26-2 30 334 (48) 0.0095
26-4 34 395 (57) _ 0.0092
26-6 44 289 (42) 0.0102
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TABLE 4-12. HIGH STRAIN RATE TENSILE PROPERTIES OF [167.5325
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus‘(Eee). Poisson's
Number (€ap), s~} cpa (10% psi1) Ratio (Vey)

Init{ial Properties

27-2 280 45,3 (6.56) 0.26

27-4 204 44,7 (6.48) 0.19
" | 27-6 300 80.2 (11.62) 0.23

Secant Properties

27-2 224 54.3 (7.86) 0.2}
27-4 204 36.5 (5.29) 0.24
27-6 280 37.3 (5.40) 0.16

Termina) Properties

27-2 180 75.9 (11.00) 0.21
27-4 205 26.9 (3.90) 0.21
27-6 375 22.4 (3.25) 0.08

Ultimate Properties

;;?fu:: ?;gen?th St:ain
(Eedups Hpa- (kst) (eepr)
27-2 39 474 (69) ~ - 0.0087
27-4 38 280 (41) 0.0078
27-6 30 311 (45) 0.0085
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between 204s™' and 300s”  and the average (secant) rates between 2045"1 and

280s™'. The times to failure range between 30 us and 39 us. The inftial

modulus for Specimen No. 27-6 1s excessively high as seen also in the stress-
strain curve of Figure 4-139, In comparing dynamic and static values for the
moduli, the value for Specimen No. 27-6 was not considered. The initial and
secant dynamic moduli of 5.0 GPa (6.52 x 10° psi) and 42.7 Gpa (6.18 x 10° psi),
respectively, are much higher than the static modulus of 14.4 GPa (2.08 x

106 psi). The average Poisson's ratio of 0.20 is also higher than the static
value of 0.16. The average dynamic strength of 356 MPa (52 ksi) is much

higher than the static strength of 76.1 MPa (11.0 ksi). The average dynamic
ultimate strain of 0.0083 1s higher than the static value of 0.0062.

Comparison of these results with those of the graphite/epoxy specimens
show that the hybrid specimens have higher dynamic moduli and strength than
the graphite/epoxy specimens. This is contrary to the trend in static strength
values.

4.7 [£75],, LAMINATES

High strain rate properties of (175]2S SP288/AS graphite/epoxy and
80AS/205/PR288 graphite/S-glass/epoxy were obtained as for the other laminates
before.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-140 through 4-148 (Specimen Nos. 20-2, 20-4, and
20-7). Tha corresponding stress-strain curves are shown in Figures 4-149,
4-150, and 4-151, Results are tabulated in Table 4-13. The initial strain
rates range between 2205'] and 2455'] and the average (secant) rates between
2535'] and 2865']. The times to failure range between 29 us and 30 ps. The
initial and secant dynamic modulf of 45.2 GPa (6.55 x 105 psi) and 36.1 GPa
(5.24 x 106 psi), respectively, are much higher than the static modulus of
11.2 GPa (1.63 x 106 bsi). 1t was difficult to obtain reliable values for
dynamic Poisson's ratio because of the large scatter in the transverse strain
data. The average dynamic strength of 290 MPa (42 ksi) is much higher than
the static strength of 75 MPa (10.8 ksf). The average dynamic ultimate strain
of 0.0081 1s slightly higher than the statfc value of 0.0076.

4-20
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TABLE 4-13. HIGH STRAIN RATE TENSILE PROPERTIES OF [z 75]
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Epg), Poi-son's
Number - (£gg), S~ GPa (10° ps1) Ruatio (Vo)
Initial Properties
20-2 220 43.3 (6.28) -
20-4 245 54,7 (7.93) -

20-7 225 37.6 (5.45) -

Secant Properties

20-2 277 36.6 (5.30) 0.18
20-4 253 38.1 (5.53) -
20-7 286 33.6 (4.87) 0.12

Terminal Properties

20-2 320 30.5 (4.42) -
20-4 295 26.6 (3.85) -
20-7 330 32.1 (4.65) -

Ultimate Properties

Time to Strength - Strain

Failure (Sgot) s (=Y .)

(epdsus Hpa- (kit) o061
20-2 30 304 (44) 0.0083
20-4 30 290 (42) 0.0076
20-7 29 278 (40) 0.0083
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Strain and strain derfvative records for the three hybrid rings tested
are shown in Figures 4-152 through 4-160 (Specimen Nos. 21-2, 21-4, and 21-6).
The corresponding stress-strain curves are shown in Figures 4-161, 4-162, and
4-163. Results are tabulated in Table 4-14., The initial strain rates range
between 1405'] and 2605'1 and the average {secant) rates between 21557 and
290s™". The times to failure range between 24 ps and 27 ps. The fnitial
and secant modulf of 45.1 GPa (6.53 x 106 psi) and 35.1 GPa (5.09 x 106 psi),
respectively, are much higher than the static modulus of 15.5 GPa (2.25 «x
106 psi). It was difficult to obtain reliable values for dynamic Poisson’s
ratio, because of the large scatter in the transverse strain data. The average
dynamic strength of 223 MPa (32 ksi) 1s much higher than the static strength
of 61.4 GPa (8,9 x 106 ps1). The average dynamic ultimate strain of 0.0066
1s also higher than the static value of 0.0047.

%
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TABLE 4-14, HIGH STRAIN RATE TENSILE PROPERTIES OF [+75]
80AS/20S/PR288 GRAPHITE/S~GLASS/EPOXY

Specimen Strafn Rate Hoduluss(fae). Poisson’s
Number (€ag), s~ Gpa (10° ps1) Ratio (Vex)

Initial Prqpertiés

21-2 - 250 46.6 (6.75) -
21-4 140 56.2 (8.14) 0.03
21-6 260 32.4 (4.70) -

Secant Properties

21-2 263 31.8 (4.61) -

21-4 215 46.5 (6.74) . 0.017
21-6 290 27.0 (3.91) 0.02

Terminal Properties

21-2 280 16.8 (2.43) -
21-4 230 42.0 (6.08) -

21-6 375 18.4 (2.66) -

ltimate Properties

Time to Strength Strain

Faflure (Sga1)» (¥ )
(te)s us Hpa. Tks1) (eepr)
21-2 . 27 214 (31) 0.00Mm
21-4 27 270 (39) 0.0058
21-6 24 186 (27) 0.0069
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Strain recoerds in steel ring and 80AS/205/PR288
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Figure 4-121. Circumferential strain and its derivatives in
[1*67.5]2s SP288/AS graphite/epoxy ring under dynamic loading
for Specimen No. 26-4,
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Figure 4-122. Strain records in steel ring and [£67.5]2¢ SP288/AS
graphite/epoxy ring under dynamic loading for Specimen No. 26-6
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5. SUMMARY AND CONCLUSIONS

Methods developed and described in Part 1 of this report were applied to
the characterization of angle-ply laminates. Two material systems, SP288/AS
graphite/epoxy and B0AS/20S/PR288 graphite/S-glass/epoxy, were characterized
in uniaxial tensfon at three strain rates, ranging from quasi-static to over
500s™'. Laminate ring specinens of [15],, [22.5),, [£30],, [£45],,
[160]25, [167.5]25. and [17512s layups were loaded.under internal pressure.
Results were obtained and presented in the form of stress-strain curves to
failure. Properties determined included moduli, Poisson's ratfos, strength,
and ultirate strafn.

In many cases the dynamfc stress-strain curves show irreqularities. This
is a result of a magnification effect of some small experimental scatter and
possibly electronic noise effects in the strain data. Small deviations in the
recorded strain data can have a large influence on the strain rate and strain
acceleration. The terms including strain acceleration effects can be a sub-
stant{ial portion of the computed effective stress. No meaningful observations
could be made of the faflure patterns because the specimens were shattered in-
to many small pieces under the dynamic loading used.

Average results for all specimens tested are tabulated in Tables 5-1
through 5-14. The effect of strain rate varies with layup, being lowest for
the fiber dominated {115]2s laminates and highest for the matrix dominated
[:75]25 laminates. The initial and secant moduli show small increases with
strain rate for the [115]25 layup. The average increase with strain rate for
the secant modulus increases from 10% for the [115]25 layup to over 200% for.
the [17532s laminates. The highest strength increments over the static values
vary from approximately 14X for the [:«.15]2S layup to 275% for the [:t75]2s layup.
Tre ultimate strains in general do not show any significant trends with strain
rate for all layups. In six of the fourteen types of specimens tested the
ultimate strains at the varfous strain rates were within £10% of the mean valte.
In five other groups of spécimens the ultimate strain variations were within
220% of the mean. In the case of the two‘[t45]Zs groups the results were not
conclusive because only lower bounds were obtained for the static ultimate

strain.
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TABLE 5-1.

SP288/AS GRAPHITE/EPOXY

HIGH STRAIN RATE TENSILE PROPERTIES OF [115]

Specimen
Numbers

Strain Ra;e
(ap), s°

Hodulus (Eeg).
cPa (10° psi)

35-1,3,5
35-7,10,11
35-2,4,6

© 35-1,3,5

35-7,10,1

35-2,4,6

35-1,3,5
35-7,10,11
35-2,4,6

35-1,3,5
35-7,10,N
35-2,4,6

Initial Properties

1 x 1078 / 105 (15.2)
16 121 (17.5)
190 N3 (16.4)

Secant Properties

-4

1 x 10 105 (15.3)
44 122 (17.8)
224 118 (17.1)

Terminal Properties

-4

1 x10 106 (15.4)
101 147 (21.3)
273 112 (16.2)

Yltimate Properties

Time to ?tren?th
Failure .
{te), us Mggegksil
1 x 108 823 (119)
199 1049 (152)
40 1029 (149)

Poisson's

Ratio §V§g)

0.86
0.80
0.76

1.00
0.8}
0.84

1.22
0.67
0.M

Strain
(EGBT

0.0078
0.0086
0.0088

Lp——H

3 5

A o W e e i

Ay
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TABLE 5-2, HIGH STRAIN RATE TENSILE PROPERTIES OF [-ﬂS]25
 B0AS/20S/PR28B8 GRAPHITE/S~-GLASS/EPOXY

Smpecimen Strain Rate Modulus (Egs), Poisson's
Numbers  (Emp), s°° GPa_(10% ps1) Ratio (Veyx)
Initial Properties
3%-1,3,5 1 x10? 9% (13.7) 0.68
36-6,10,11 17 104 (15.1) 0.44
36-2,4,7 140 133 (19.3) 0.88
Secant Properties
36-1,3,5 1 x 107" 95 (13.8) 0.75
36-6,10,1 43 95 (13.7) 0.50
36-2,4,7 194 101 (14.7) 0.92
Terminal Properties
36-1,3,5 v x 107 95 (13.7) 0.86
36-6,10,11 212 91 (13.2) 0.51
36-2,4,7 245 50 ( 7.2) 1.08
Ultimate Properties
Time to Strenc,)th Strain
Eg:l::ﬂ; S20eThs (Sgp1)
36-1,3,5 v x 108 806 (117) 0.0085
--36-6,10,11 240 967 (140 0.0103
36-2,4,7 43 837 (121) 0.0083
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TABLE 5-3. HIGH STRAIN RATE TENSILE PROPERTIES OF (122.5]2s

SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Eap), Poisson's
Number (2aq), s~} cPa (10% ps1) Ratio (Vax)
Initial Properties
331,35  1x107 81.4 (11.8) 1.8
33-10,11,13 17 78.4 (11.4) 1.21
33-4,6,7 138 131.7 (19.1) 1.57
Secant Properties
33-1,3,5 1 x 078 75.2 (10.9) 1.25
33-10,11,13 45 84,0 (12.2) 1.22
33-4,6,7 197 93.4 (13.5) 1,22
Terminal Properties
33-1,3,5 1 x 107 70.7 (10.2) 1.44
33-10,11,13 137 67.6 ( 9.8) 1.23
33-4,6,7 287 62.4 ( 9.0) 1.35
Ultimate Properties
;i?e to Stren?th Strain
ﬁfs_‘ﬁ_s_ 00 s (cggr)
33-1,3,5 1 x 108 773 (M12) 0.0103
33-10,11,13 208 7 (©12) 0.0093
33-4,6,7 .43 790 (115) 0.0084
5-4
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TABLE 5-4. HIGH STRAIN RATE TENSILE PROPERTIES OF [122.5]2'S
80AS/20S/PR288 GRAPHITE/S~-GLASS/EPOXY

Specimen Strain Rate Hodulus (Ega), Poisson’s
Numbers (Epp), st GPa_(10° ps1) Ratio (vex)

Initfal Properties

s o4

34-1,3,5 1x10 68.5 ( 9.9) 0.83
34-2,10,11 7o 75.7 (1.0) 1M
34-4,6,7 133 126.1 (18.3)  0.98
' Secant Properties

34-1,3,5 1 x 107 63.0 ( 9.1) 0.98
38-2,10,11 a7 72.3 (10.5) 1.02
36-4,6,7 217 76.5 (11.1) 0.97

Terminal Properties

34-1,3,5 1x 1078 57.4 ( 8.3) 1.12
34-2,10,11 206 70.2 (10.2) . 1.28
34-4,6,7 296 35.4 ( 5.1) 1.02

Ultimate Properties

Time to Strength Strain

Failure (Sps g- (¥ .)

{te)y us MPa_ (ks Gl
34.1,3,5 1 x 108 653 ( 95) 0.0104
34-2,10,1 227 753 (109) 0.0104
34-4,6,7 45 731 (106} 0.0095
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TABLE 5-5. HIGH STRAIN RATE TENSILE PROPERTIES OF [130]25
SP288/AS GRAPHITE/EPOXY

Specihen Strain Rate Modulus (Ees), Poisson's
_Numbers  (Epp), s=* GPa_(10° ps1) Ratio (Vax)
Initial Properties
28-1,3,5 1x10°%  58.6 (8.50) 1.25
28-2,12,13 8 48.4 (7.02) 1.01
28-9,10,11 229 85.7 (12.4) 1.2

Secant Properties
28-1,3,5 1x 107 43.3 (6.28) 1.50
28-2,12,13 58 44.7 (6.48) 1.17
28-9,10,11 297 49.8 (7.2) 1.20

Terminal Properties

28-1,3,5 1 x 1078 34.1 (4.94) 1.75
"8-2,12,13 179 38.0 (5.50) 1.33
28-9,10,11 428 35.2 (5.1) 1.16

Yltimate Properties

Time to ?tren§th Strain

Failure Sq u

(te), us MPa (ki) (egp7)
28-1,3,5 1 x 108 566 (82) 0.0132
28-2,12,13 223 571 (83) 0.0128

28-9,10,11 45 669 (96) 0.0133
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L TABLE 5-6. HIGH STRAIN RATE TENSILE PROPERTIES OF [130]25
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY
- Specimen Strain Rate Modulus‘(faa). Poisson's
® Numbers (Eag), s* GPa (10° psi) Ratio (Vex)
Initial Properties
T 29-1,3,5 1 x 10 44.9 ( 6.51) 1.26
54-2,3,5 1/7 43.5 { 6.31) 1.1
o . 29-10,11,12 207 93.5 (13.60) 1.12
, .
l/"';” ' ' Secant Properties
29-1,3,5 1 x 1074 36.2 { 5.25) 1.33
54-2,3,5 72 41.9 ( 6.07) 1.23
29-10,11,12 324 51.5 ( 7.50) 1.06
Terminal Properties
,, 29-1,3,5 1 x 1078 29.9 ( 4.33) 1.55
. 54-2,3,5 292 21,7 ( 6.04) 1.43
/ 29-10,11,12 440 43.0 ( 6.30) 1.51
T
Ultimate Properties
. Time to Stren?th Strain
' Failure (Sea‘E ' (EU )
- | Lgle ys MPa (ksi) 667
29-1,3,5 2 x 108 503 ( 73) 0.6141
; 54-2,3,5 201 611 ( 89) 0.0144
_, 29-10,11,12 42 630 (100) 0.0135
s ‘ ‘
»
-
' LS
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TABLE 5-7. HIGH STRAIN RATE TENSILE PROPERTIES OF [t45]25
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Ege), Poisson's
Number (€gg), s~} GpPa (10° psa) Ratio (Vex)
Initial Properties
24-1,3,5 1 x 1074 20.4 ( 2.95) 0.69
24-10,
52-2,3,4 14 19,1 ( 2.77) 0.90
24-11,12 .13 168 111.4 (16.15) 0.78
. Secant Properties
28-1p,
52-2,3,4 85 17.6 ( 2.55) 0.80
24-11,12,13 330 40.3 ( 5.83) 0.88
\Terminal Properties
24-10,
52-2,3.4 359 11.5 ( 1.66) 0.85
24-11,1213 415 20.4 ( 2.97) 0.88
Ultimate Properties
Time to Stren?th Strain
Fatlure (Sge u
(te), us Mg?a_[ké ) (Egp7)
264-1,3,5 3 x 108 >224-(32.5) >0.0305
24-10, |
52-2,3,4 329 494 (72) 0.0279
24-11,12,13 >76 927 (134) 0.0245
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TABLE 5-8. HIGH STRAIM RATE TENSILE PROPERTIES OF [*45]
80AS/20$/PR288 GRAPHITE/S-GLASS/EPOXY
Specimen Strain Rate Hodulus‘(t’aa). Poisson's
Numbers (Egg), s=* Gpa (10° psi) Ratio (Vex)
Initial Properties
25-1,3,5 1 x 107" 21.5 (3.12) 0.74
25-9, i
53-1,4,5 17 21.1 (3.06) 0.77
25-11,12,13 277 50.8 (7.37) 0.76
Secant Properties
25-9,
53-1,4,5 M 13.7 (1.99) 0.68
25-11,12,13 555 20.3 (2.95) 0.77
Terminal Properties
25-9,
53-1,4.,5 368 11.2 (1.62) 0.67
25-11,12,13 853 4.8 (0.69) 0.60
Ultimate Properties
Time to ?tren?th Strain
Failu-e . u
{te), s Mggafksiz (Egqr)
25-1,3,5 3 x 108 >191 (27.7) >0.0265
25-9,
53-1,4,5 255 37 (s54) _0.0270
25-11,12,13 64 1 (103) 0.0353
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TABLE 5-9. HIGH STRAIN RATE TENSILE PROPERTIES OF [160]25' ‘
S0288/AS GRAPHITE/EPOXY , -t
Specimen Strain Rate Modulus (Egs), Poisson's
Numbers  (Ega), s~° GPa (10° ps1) Ratio (Vex)
Initial Properties
, < 2.
22-1,3,5 1 x10°¢ 14.0 (2.03) 0.32
22-9,10,11 22 23.0 (3.34) 0.25
22-6,7,8 250 45,5 (6.59) 0.48 :
2
Secant Properties s
22-1,3,5 1 x 107 9.1 (1.32) 0.34
22-9,10,11 60 13.9 (2.01) 0.39 .
22-6,7,8 342 34.6 (5.02) 0.34
Terminal Properties
22-1,3,5 1 x 1078 5.6 (0.82) 0.33
22-9,10, 11 166 12.1 {1.75) 0.37
22-6,7,8 547 25.7 (3.75) 0.34
Ultimate Properties
Time to ?trength Strain
Fatlure ’ u
(te)y ps Wit Coor?
22-1,3,5 1 x 108 105 (15.2) 0.0116
22-9,10,1 226 182 (26.4) 0.0134
22-6,7,8 43 . 511 (74) 0.0145
;Uﬁi
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TABLE 5-10. HIGH STRAIN RATE TENSILE PROPERTIES OF [160]2S
80AS/205/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus_(Egs), Poisson's
Numbers (Eap), s=° GPa (10* ps1) Ratio (Vex)
Initial Properties
23-1,3,5 1x 1078 18.2 (2.64) 0.30
23-7,10,11 1 26 24.7 (3.58) 0.24
23-2,4,6 220 48.0 (6.96) | 0.34
Secant Properties
23-1,3,5 1 x 10'4 n.2 (1.62) 0.33
23-7,10,1 59 13.9 (2.01) 0.38
23-2,4,6 280 47.4 (6;86) 0.29
Terminal Properties
23-1,3,5 1 x 1074 7.2 (1.05) 0.36
23-7,10,11 165 9.9 (1.44) 0.35
23-2,4,6 440 42.5 (6.16) n.24
Ultimate Properties
Time to Stren?th Strain
G o¥hen  Che)
23-1,3,5 1 x 108 94.8 (13.7) 0.0085
23-7,10,11 195 155.5 (22.5) 0.0112
23-2,4,6 44 566 (82) 0.0122




TABLE 5-11. HIGH STRAIN RATE TENSILE PROPERTIES OF [$67.51y,
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus _(Egs), Poisson's
Numbers (Egg), s-! GPa (10° ps1) Ratio (Vex)
Initial Properties
$26-1,3,5 1x 104 12.0 (1.74) 0.17
26-10,11,13 26 17.3 (2.51) 0.15
26-2,4,6 243 48.8 (7.07) 0.17
Secant Properties
26-1,3,5 1x10°? 10.5 (1.52) 0.17
26-10,11,13 73 12.8 (1.86) 0.18
26-2,4,6 270 36.2 (5.24) 0.19
Terminal Properties
26-1,3,5 1 x 1078 8.7 (1.26) 0.17
26-10,11,13 167 8.5 (1;25) 0.20
26-2,4,6 347 22.9 (3.32) 0.20
Ultimate Properties
Time to Stren?th Strain
26-1,3,5 1 x 108 85.1 (12.3) 0.0081
26-10,11,13 142 132.2 (19.2) 0.0103
26-2,4,6 36 339 (49) 0.0096
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Of course, your subscription is tax deductible as a
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TABLE 5-12. HIGH STRAIN RATE TENSILE PROPERTIES OF [+67. 5]

“80AS/20S/PRZ88 GRAPHITE/S-GLASS/EPOXY

-Specinien Strain Rate Modulus {Egsp), Poisson's
Numbers (Eag), s~ GPa (10* ps1) Ratfo (Vex)
Initial Properties
27-1,3,5 1 x 107 14.4 (2.08) 0.16
27-10,11,13 32 20.3 (2.94) 0.13
27-2,4,6 261 45.0 (6.52) 0.23
Secant Properties
27-1,3,5 1 x 1074 12.4 (1.79) 0.17
27-10,11,13 61 15.7 (2.28) 0.14
" 27-2,4,6 236 42.7 (6.18) 0.20
Terminal Properties
27-1,3,5 1 x 107t 9.9 (1.43) 0.17
27-10,11,13 134 13.9 (2.02) 0.20
27-2,4,6 253 41.7 (6.05) 0.17
Ultimate Properties
Time to Strength Strain
G oPhen
27-1,3,5 1 x 108 76.1 (11.0) 0.0062
27-10,11,13 144 136.6 (19.8) . 0.0087
27-2,4,6 36 356 (52) 0.0083
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TABLE 5-13. HIGH STRAIN RATE TENSILE PROPERTIES OF [75), ;

SP288/AS GRAPHITE/EPOXY %

* Specimen Strain Rate Hodu]us‘(Eae). Poisson's §

Numbers {€eq), s-* GPa (10° psi)  Ratio (Vex) ;

_ Initial Properties ?

20-1,3,5 1 x 1078 12.1 (1.75) 0.09 "

2012 %19 19.7 (2.46) - i

20-2,4,7 230 45.. (6.55) - §

Secant Properties _ 7

20-1,3,5 1 x 1078 10.0 (1.46) 0.08 | .
20-12 ' 45 10.9 (1.58) 0.04
20-2,4,7 272 36.1 (5.24) 0.15

Terminal Properties
3

20-1,3,5 1 x 107 7.9 (1.14) 0.06
20-12 132 6.0 (0.87) 0.08
20-2,4,7 315 29.7 (4.31) -

Ultimate Properties

Time to Strength Strain

Failure (Spp ?. (¥ )

{te)s ps MPa (ks 8T
20-1,3,5 1 x 108 74.8 (30.8) 0.0075
20-12 201 98.3 (14.2) 0.0090
20-2,4,7 30 290 (42) 0.0081




TABLE 5-14.

80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

HIGH STRAIN RATE TENSILE PROPERTIES Or»[i75]25

21-2,4,6

Specinien Strain Rate Hodulus (Ega), Poisson's
Numbers {Eag), s=! GPa (10* psi) Rat'n (Vex)
; | Initfal Properties
21-1,5 1 x 1078 15.5 (2.25) 0.70
21-10,11,12 34 16.9 (2.45) -
21-2,8,6 217 45.1 (6.53) 0.03
Secant Properties
21-1,5 1x 1078 14.0 (2.03) 0.06
21-10,11,12 64 13.4 (1.94) 0.04
21-2,4,6 223 35.1 (5.09) 0.02
Terminal Properties
21-1,5 1 x 107t 11.0 (1.59) 0.11
21-10,11,12 116 1.7 (1.69) 0.11
1 21-2,4,6 295 25.7 (3.72) -
Ultimate Properties
Time to Strength Strain
Failure (See g. (e¥ )
(te), us MPa_ (ks 86T
21-1,5 1 x 108 61.4 ( 8.9) 0.0047
21-10,11,12 110 94.9 (13.8) 0.0070
26 223 (32) 0.0066




